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Fermilab is in the midst of a major upgrade program aimed at producing at least a
factor of five improvement in the luminosity performance of the Tevatron proton-
antiproton collider. The key element in this program is construction of a new 150 GeV
accelerator, the Fermilab Main Injector. Performance goals and design criteria for the
Main Injector accelerator are described.
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1 FERMILAB PROGRAM GOALS
Operating at 1800 GeV in the center-of-mass, the Tevatron proton-
antiproton collider is the highest energy collider in the world today -
a position it will retain until the initiation of operations at the Large
Hadron Collider (LHC) sometime in the upcoming decade. The over-
riding priority at Fermilab is to exploit the Tevatron to the fullest
extent possible during this period. A number of upgrades to the
existing accelerator complex are being pursued with a goal of max-
imizing the integrated luminosity delivered from the Tevatron over
the next ten years. The key element in this plan is construction of a
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new 150 GeV accelerator, the Fermilab Main Injector. This facility is
currently under construction with initial beam commissioning sched-
uled for the spring of 1998.
1.1 Luminosity Limitations
The luminosity in the Tevatron collider is described in terms of the
underlying beam parameters as
L == fBNpNp
27[(a} + aj) (1)
where f is the revolution frequency, B is the number of bunches in
each beam, N p (Np) is the number of protons (antiprotons) per
bunch, ap (ap ) is the rms proton (antiproton) beam size, 1 is the rela-
tivistic energy, {3* is the value of the beta function at the interaction
point, and cNp (cNp ) is the 95% normalized proton (antiproton) trans-
verse beam emittance. Form factors relating to the ratio of the bunch
length to {3 * and to a possible crossing angle are suppressed in (1) in
the interest of simplicity.
Current performance in the Tevatron is defined by a typical lumi-
nosity at the beginning of a store of 1.6 x 1031 cm-2 s- 1. The estab-
lished goal following initiation of Main Injector operations is a factor
of five increase. The primary Tevatron luminosity performance lim-
itation is related to BNp, the total number of antiprotons in the ring.
A secondary limitation is related to the factor Np/c, the proton phase-
space density. Significant increases in the proton phase-space density
are not possible due to the head-on beam-beam effectl.
The key to improving luminosity performance in the Tevatron is
to increase the total number of antiprotons in collision. The number
of antiprotons is currently limited by the proton targeting rate, the
acceptance of the antiproton source, and the stacking ability of the
cooling systems. The current targeting rate is 3 x 1012 protons every
2.4 s, at 120 GeV. This leads to an antiproton accumulation rate of
about 7 x 101o/h. The targeting goal with the Main Injector is
5x 1012 protons every 1.5s, again at 120 GeV. Following improve-
ments to antiproton stochastic cooling systems this is expected to
result in an antiproton accumulation rate of 2 x lOll/h.
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1.2 Proton Injector Performance
The proton injector string at Fermilab consists of a 400 MeV linac,
an 8 GeV (kinetic energy) Booster, and the Main Ring. The Main
Ring is the original 6 km accelerator constructed at Fermilab in. the
early 1970s. It is currently utilized to accelerate protons to 120 GeV
for antiproton production, and to accelerate protons and antiprotons
to 150 GeV for injection into the Tevatron.
Since the construction of vertical overpasses (required to accom-
modate the Tevatron collider detector facilities) and a number of
antiproton transfer areas in the Main Ring in the early 1980s, the
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FIGURE 1 Measured transverse beam emittance (950/0, normalized) delivered from
the 8 GeV Booster as a function of beam intensity. The "200 MeV" points were
measured when the injection energy was 200 MeV. The "400 MeV" points correspond
to the current 400 MeV injection energy. The straight lines represent contours of
constant space-charge tune shift as calculated at the injection energy.
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proton intensity deliverable to the Tevatron or to the antiproton
target has been determined by an interplay between the transverse
emittance of beam delivered from the Booster and the acceptance of
the Main Ring. This interplay is described graphically in Figure 1.
The figure displays Booster performance, as measured by transverse
beam emittance (95%, normalized), as a function of intensity. Two
sets of points are included: the "200 MeV" points refer to pre-
September 1993 operations when the injection energy was 200 MeV.
The "400 MeV" points refer to current operations with a 400 MeV
injection energy. Booster performance has long been believed to be
limited by space-charge forces at injection2. The straight lines through
the points represent contours of constant space-charge tune shift
(f"'V 0.4) as calculated at the injection energy. The data demonstrate
that the improved performance attained by raising the injection en-
ergy is as anticipated based on a fixed space-charge tune shift limit.
Figure 1 also displays the observed admittance of the Main Ring
as measured in the same units. It is clear from the figure that the
Booster beam at high intensities does not fit within the Main Ring
aperture - a situation that precludes the achievement of the design
goal for antiproton targeting of 6 x 1010 protons/bunch or operations
at the expected maximum Booster intensity capability of 1 x lOll
protons/bunch.
2 MAIN INJECTOR DESIGN CRITERIA AND
PERFORMANCE GOALS
The Main Injector was designed before the completion of the
400 MeV linac upgrade as a replacement for the Main Ring. The pri-
mary design criterion for the Main Injector was to provide an admit-
tance larger than the projected Booster beam size at maximum
intensity (307rmmmr at 1 x lOll protons/bunch) following the linac
upgrade. Secondary considerations were related to the projected
longitudinal emittance of the Booster beam.
Figure 2 shows the performance of the Booster as measured in
longitudinal emittance (95%, per bunch) during the period covered
by operations with a 200 MeV and with a 400 MeV injection energy3.
Once again the aperture of the Main Ring is seen to be an
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FIGURE 2 Measured longitudinal beam emittance (950/0) delivered from the 8 GeV
Booster as a function of beam intensity. The "200 MeV" points were measured when
the injection energy was 200 MeV. The "400 MeV" points correspond to the current
400 MeV injection energy.
impediment to increased beam intensity as shown by the horizontal
line. Based on extrapolation of the 200 MeV points the Main Injector
was designed with an acceptance of 0.6 eV s. As can be seen the
achieved performance is dramatically better than had been assumed.
This improvement is not directly related to increasing the injection
energy, but has been achieved through the implementation of dam-
pers to control several longitudinal coupled bunch modes4 . Potential
implications of this better-than-expect performance are addressed in
Section 4.
2.1 Design Criteria and Performance Goals
Based on the considerations described above Main Injector design
criteria and performance goals were established as listed in Table 1.
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Beam intensity (antiproton targeting, single batch)
Antiproton targeting cycle
Beam intensity (full ring)
Slow spill targeting cycle












Significantly improved performance relative to current Main Ring
operations is reflected in this table. In particular an increase of a fac-
tor of two in the number of protons per bunch, accompanied by a
40% shorter cycling time for antiproton production, is expected. Pri-
mary design features that are expected to lead to this improved per-
formance are:
(1) A factor of two reduction in the maximum (3 function value (55
vs. 110 m).
(2) A factor of three reduction in the horizontal dispersion (2 vs.
6m).
(3) Elimination of vertical dispersion.
(4) Better field quality at injection due to the higher injection field
(1000 vs. 400 G) and incorporation of lower coercivity « 1Oe)
steel.
(5) Lower beam impedance (2 vs. 50)
2.2 Main Injector Design
A more complete parametric description of the Main Injector is
given in Table II. The Main Injector will lie within the southwest
corner of the Fermilab site, tangent to the Tevatron at the F-O
straight section. The circumference is 3319 m, slightly more than half
that of the Main Ring and Tevatron.
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Length of standard cell
Length of dispersion-suppressor cell
Number of dipoles
Dipole lengths
Dipole field (@ 150 GeV)
Number of quadrupoles
Quadrupole lengths






























The Main Injector lattice is based on an approximately 900 FODO
cell. The lattice has a superperiodicity of two - no other symmetries
are present. The standard cell length, approximately 34 m, is half that
of the existing Main Ring. The resulting beta function attains a max-
imum value of 55 m. The lattice contains eight dispersionless straight
sections of varying lengths. Dispersion suppression is provided by
two cells with 3/4 the length and 2/3 the bending of the standard cell.
The vertical and horizontal tunes are separated by one unit in order
to facilitate coupling compensation. Tracking simulations indicate
that with the measured magnet quality, a dynamic aperture in excess
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of 1007rmmmr (normalized at 8.9GeV/c) will be achieved at the
injection energy. The physical aperture of 407rmmmr (normalized at
8.9 GeV/c) is defined by injection and extraction channels.
Dipole Magnets
The ring includes 344 dipole magnets, 216 in the arcs with a length of
6m and 128 4m magnets in the dispersion suppressers. At 150GeV
the magnetic field is 17.2 kG, generated by current of 9400 A. The
coil is a simple four turn/pole pancake winding of I" x 4" (2.5 cm x
10.2 cm) copper bus. This configuration was chosen to minimize the
inductance to allow rapid cycling. The magnet is constructed with
four terminals, with one-half of one turn of the coil carrying the
return current5 .
The magnets are constructed of low coercivity « 1Oe) steel in
order to provide good performance at the injection field of 1.0 kG.
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FIGURE 3 Field uniformitY1 ~BIB, measured in the Main Injector dipole. The four
curves correspond to 8.9, 27, 120 and 150 GeVIe excitations.
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field. As shown in Figure 3 this uniformity is maintained through the
full excitation except for a saturation sextupole that becomes evident
beyond about 120 GeV (13.5 kG). This field component is compen-
sated through the distributed sextupole correction system.
Power Supplies
The dipole magnets are driven by a distributed power supply system.
Twelve units are employed, each capable of delivering 10 000 A at
1000V. The maximum voltage to ground anywhere in the system is
± 500 V. The system is capable of generating an acceleration rate of
240 GeV/s. A prototype supply has been constructed and subjected to
several million ramps into a ten magnet load.
RF
The RF system consists of 18 cavities capable of delivering 4 MV at
53 MHz. The cavities are to be relocated from the Main Ring. How-
ever, the increased beam current in the Main Injector requires the
construction of new power amplifiers. A new 200 KW power ampli-
fier has been developed for this application6.
Beam Impedance and Stability
A number of design features have been incorporated to attempt to
minimize the beam impedance. These include utilization of a uniform
beam pipe profile through the dipoles, quadrupoles, and all correc-
tion magnets, use of shielded bellows and valves, and use of stripline
beam position monitors. The impedance budget established for the
Main Injector is 1.6 f2 (longitudinal) and 2.2 Mf2/m (transverse). This
budget is small compared to the calculated instability thresholds,
8.0 f2 and 7.9 Mf2/m, respectively, calculated for the parameters listed
in Table II.
Transverse coupled bunch and resistive wall modes are calculated
to be relatively fast (8 ms, 1000 turns) and will need to be controlled.
A transverse damper has been constructed to control these instabil-
ities. Damper parameters are listed in Table III.
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2.3 Performance Limitations and Possible Enhancements
As originally conceived the Main Injector intensity limitation was
due to the acceptance of the RF system. The projected intensity lim-
itation was 6 x 1010 protons/bunch based on the extrapolation shown
in Figure 2 and an RF acceptance of 0.6 eV s. As is noted in the fig-
ure, the current Booster performance is significantly better than
anticipated, leading to the conclusion that longitudinal acceptance is
not likely to limit beam intensity.
Since the RF power amplifiers constructed for the Main Injector
are capable of accelerating an intensity of 1.6 x lOll protons/bunch
one may ask what will limit achievement of higher beam intensities.
The Main Injector transverse admittance of 407r mm mr should
accept a Booster beam of about 1.3 x lOll protons/bunch based on
the extrapolation shown in Figure 1. Whether the Booster is capable
of delivering such an intensity is as yet undemonstrated. An alter-
native currently under investigation is longitudinal (slip) stacking in
the Main Injector, capitalizing on the small longitudinal emittance
being delivered from the Booster. Such a manipulation could be
worth a factor of two-to-three in total intensity.
Transition crossing is a possible complication. Simulations con-
ducted to date have shown that a transition jump system is not
required for nominal Main Injector beam parameters, but would be
required for intensities much above 6 x 1010. A conceptual design for
such a system, providing a ~'"Yt of 2 over a 0.5 ms period, exists but
there is no plan for implementation during initial Main Injector
operations.
Other potential ultimate intensity limitations are related to the
microwave instability and to transverse space-charge at injection. For
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the longitudinal impedance expected, the Keil-Schnell criterion?
corresponds to 2-3 x lOll protons/bunch. The space-charge (Laslett)
tune shift at this intensity is approximately 0.15.
Based on these and other considerations, e.g. beam-loading, one
may conclude that an intensity of limit of 2 x lOll protons/bunch
(1 x 1014 protons total) could represent the ultimate performance of
the Main Injector.
3 MAIN INJECTOR PROJECT STATUS
The Main Injector is a $229.6 M construction project. It is now in its
fourth year of construction. Through September 30 the project is
rv 65% complete with the following specific accomplishments:
(1) The 3.3 km ring enclosure is complete.
(2) 249 of the 344 required dipoles have been assembled.
(3) 185 of the dipoles are sitting on stands in the enclosure.
(4) Four of the ten required service buildings are complete.
(5) Low conductivity water piping in the enclosure is complete.
(6) The 8 GeV Booster-to-Main Injector transfer line is under con-
struction using permanent magnet technology.
A significant (12 month) disruption of high energy physics opera-
tions will be required at Fermilab to make the final tie in between the
Main Injector and the existing accelerator complex. This shutdown is
scheduled to start in September 1997. Full turn commissioning of the
Main Injector is expected to start in May 1998, leading to a start of
beam delivery to the Tevatron in September 1998 and the initiation
of antiproton targeting in November 1998. The project is also cur-
rently planning to construct a new antiproton ring, the Recycler, that
will be used to boost antiproton storage capabilities and to recover
unspent antiprotons at the end of stores. This facility is proposed for
construction and commissioning on the same time scale.
4 SUMMARY
The Main Injector is the key ingredient of Fermilab's plan for full
utilization of the Tevatron while it remains the forefront accelerator
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in the world between now and the initiation of operations at the
LHC. The Main Injector will also leave Fermilab flexibly positioned
to continue to make significant contributions to the world high ener-
gy physics program once the energy frontier moves to CERN.
The Main Injector is designed to perform at a significantly higher
level than the Main Ring. The design is conservative with primary
design criteria aimed at taking full advantage of Booster performance
following the Linac Upgrade. The project is approximately two-
thirds complete with commissioning scheduled to start in Spring
1998. Performance enhancements, beyond formally established pro-
ject goals, are now under consideration. Performance goals for the
Fermilab complex include a luminosity in the Tevatron collider of 8-
20 x 1031 cm-2 s-1 and the availability to 120GeV proton beams with
intensities in excess of 3-10 x 1013 with a 2-3 s cycle time in support
of neutrino and kaon programs. The performance goals at the upper
end of the collider range are associated with construction of a new
antiproton ring, the Recycler, that could ultimately support luminos-
ities up to 1 X 1033 cm-2 S-1 within the Tevatron. Fermilab is looking
forward to achieving this improved performance in support of the
high energy physics research program.
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